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Abstract: Waste heat recovery (WHR) from exhaust gases in natural gas engines improves the overall
conversion efficiency. The organic Rankine cycle (ORC) has emerged as a promising technology
to convert medium and low-grade waste heat into mechanical power and electricity. This paper
presents the energy and exergy analyses of three ORC–WHR configurations that use a coupling
thermal oil circuit. A simple ORC (SORC), an ORC with a recuperator (RORC), and an ORC
with double-pressure (DORC) configuration are considered; cyclohexane, toluene, and acetone are
simulated as ORC working fluids. Energy and exergy thermodynamic balances are employed to
evaluate each configuration performance, while the available exhaust thermal energy variation
under different engine loads is determined through an experimentally validated mathematical
model. In addition, the effect of evaporating pressure on the net power output, thermal efficiency
increase, specific fuel consumption, overall energy conversion efficiency, and exergy destruction is also
investigated. The comparative analysis of natural gas engine performance indicators integrated with
ORC configurations present evidence that RORC with toluene improves the operational performance
by achieving a net power output of 146.25 kW, an overall conversion efficiency of 11.58%, an ORC
thermal efficiency of 28.4%, and a specific fuel consumption reduction of 7.67% at a 1482 rpm engine
speed, a 120.2 L/min natural gas flow, 1.784 lambda, and 1758.77 kW of mechanical engine power.
Keywords: energy analysis; exergy analysis; organic Rankine cycle; waste heat recovery; natural
gas engine
1. Introduction
The technological advances developed in organic Rankine cycles (ORC) applied to waste heat
recovery (WHR) systems could become a promising feature for the engine manufacturing industry
due to its capacity to reduce fuel consumption, increase net power output, and reduce greenhouse gas
emissions [1].
ORC is considered as a feasible tool to increase overall conversion efficiency in industrial processes
due to its capacity to recover energy from alternative sources, such as exhaust gases, cooling water,
or lubricating oil, by using organic working fluids [2]. Furthermore, ORC configuration can be modified
to maximize overall engine–ORC system performance by optimizing net power output, first law,
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and exergy efficiencies and minimizing exergy destruction [3]. Nevertheless, ORC–engine coupling
must be carefully designed to avoid safety, performance, and revenue issues such as gas–fluid contact,
as well as weight, complexity, and backpressure increase [4].
ORC–WHR research has addressed the integration between ORC and combustion engines.
Plenty of studies have established that ORC improves the overall conversion efficiency by increasing
net power production without penalizing fuel consumption. Patel and Doyle [5] presented a first
attempt for WHR from diesel engines by using ORC. Their ORC system achieved an overall power
increase of 13% in a Mack 676 diesel vehicle engine without increasing fuel consumption. Peris et al. [6]
simulated six ORC configurations for WHR from cooling water in internal combustion engines (ICE)
by using 10 non-flammable fluids. Their study showed that ICE electric efficiency could be increased
by 4.9–5.3%, by achieving overall conversion efficiencies up to 7.15% at a relatively low-temperature
cooling water (90 ◦C). Yu et al. [7] simulated a diesel engine–ORC integration for WHR from the engine
exhaust gases and cooling system by using R245fa as the ORC working fluid. Their results showed that
75% of exhaust gases energy and 9.5% of cooling water energy could be recovered if ORC operating
conditions are optimized and controlled to maintain the power output. However, these results are
limited to an exergetic analysis of a single ORC configuration. Lu et al. [8] proposed an integrated diesel
internal combustion engine and simple ORD (SORC) with solids adsorption technology for waste heat
recovery from the cooling system and the engine exhaust gases. Their results showed a maximum
recoverable power from the cooling process and exhaust systems of 67.9 kW and 82.7 kW, respectively.
Vaja and Gambarotta [9] evaluated the performance of SORC and ORC with a recuperator (RORC)
configurations for WHR in a stationary 2.9-MW ICE at a single operation point. The results showed an
increase of 12% in the overall efficiency of the system. Kalina [10] investigated the performance of a
biomass power generation plant. The plant consisted of two natural gas ICE coupled to a biomass
gasifier and an ORC. The ORC system was used as a WHR system to produce power from the
engine’s exhaust line and cooling system. Mingshan et al. [11] analyzed a combined heavy-duty diesel
engine–SORC system for WHR. This system achieved a heat recovery efficiency between 10–15% when
the heat exchanger operation is optimized. This publication also evaluated the engine operation under
partial load conditions with a medium–high power condition. They concluded that variations in
engine rotational speed must be determined to evaluate the true performance of the combined system.
Regarding ORC and stationary compressed natural gas (CNG) engines integration, two approaches
have been studied: the use of multiple temperature loops for WHR from the engine intercooler,
cooling system, and exhaust gases, and the use of single-temperature loops for WHR from engine
exhaust. Within the first approach, Yao et al. [12] were the first ones to propose an ORC system
for WHR from the engine intercooler, exhaust gases, and cooling system by using a low and a
high-temperature loop. Their ORC system used R245fa and achieved 10.8% thermal efficiency
and 26.9 kW of power, which increased overall power production by 33.7%, keeping the same fuel
consumption. Yang et al. [13] optimized Yao’s ORC configuration by using a genetic algorithm, but their
reported performance was lower than Yao’s results: 8.8–10.2% thermal efficiency and 23.6-kW net power
output. Yao’s configuration was studied again by Yang et al. [14] and analyzed the thermodynamic
performance of the ORC with double-pressure configuration (DORC) operating with six working
fluid groups integrated into a compressed natural gas engine, but performance indicators such as the
waste heat recovery efficiency and specific fuel consumption were not considered. Wang et al. [15] also
studied a dual-loop ORC system for WHR in stationary CNG engines but using R1233zd and R1234yf
as working fluids and two recovery heat exchangers to increase ORC efficiency. The results showed
that ORC efficiency was 10–14% when R1233zd was used in the high-temperature loop, and R1234yf
was used in the low-temperature loop.
Within the second approach, Han et al. [16] carried out a dynamic simulation of an ORC with a
double piston expander and R245ca as a working fluid. Their system took advantage of the engine
exhaust gases to produce power in the ORC piston expander and compress the engine natural gas.
However, they focused on the component efficiencies and compression benefits, but their study did
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not report overall efficiency values. Song et al. [17] proposed an RORC working with R416A as the
ORC fluid. Their results showed that this approach increased the overall conversion efficiency by 6%.
Liu et al. [18] examined the effect of engine load on the performance of an ORC cycle combined with a
stationary motor and R245fa as the working fluid. Their results showed ORC efficiencies between
16.3–25.9% when the engine load varies between 40–100%, respectively.
The selection of ORC working fluid is a key design step because it defines the operation limits
and the power production potential. However, publications have shown that working fluid selection
depends on the heat source and temperature limits. Chacartegui et al. [19] studied a low-temperature
SORC configuration in medium and large-scale combined cycle plants for WHR from commercial
gas turbines. Their study considered R-113, R-245, isobutene, toluene, cyclohexane, and isopentane
as working fluids. The results showed that toluene and cyclohexane achieved the highest combined
cycle efficiency—up to 60%–which is high global efficiency in this process. Qiu et al. [20] examined
the experimental integration of a small-scale thermoelectric generation with a dual ORC. Drescher
and Brüggemann [21] performed a screening of suitable organic working fluids for biomass-fired
applications. Their selection involved critical temperature and pressure, dryness, turbine and pump
efficiencies, and autoignition temperature. However, they obtained a group of suitable fluids rather
than an optimum working fluid. Mago et al. [22] studied the effect of working fluid selection on the ORC
performance at different heat source temperatures, supporting Drescher and Brüggemann’s conclusions.
Kosmadakis et al. [23] tested more than 30 organic fluids and stated that R245fa is a suitable
working fluid for ORC applications with ICE in terms of net power and thermal efficiency, but its use is
restricted as international standards promotes low global warming potential (GWP) organic substances.
Regarding solar thermal energy conversion, Tchance et al. [24] established that R134a is a suitable
fluid due to its low toxicity and flammability, in addition to the high-pressure ratio and efficiency
that can be achieved. Tian et al. [25] performed a energy analysis of a combined diesel ICE–SORC
system to evaluate 20 different working fluids in terms of net output power and thermal efficiency.
The study showed that R-141b showed the highest net power output (60 kJ/kg), but R-123 achieved
the highest thermal efficiency (16.60%). Hung et al. [26] investigated an SORC integrated into a solar
ventilation system. Their results showed an overall efficiency increase of 6.2%. Zare [27] evaluated the
revenue of three ORC geothermal plants. They showed that the RORC configuration improves thermal
efficiency, but requires additional components, increasing the total exergy destroyed, and affecting the
overall exergy efficiency. This trend was confirmed by Fontalvo et al. [28], who evaluated three ORC
configurations for low-temperature WHR and showed that SORC had the highest revenue because the
additional equipment increases the exergy destruction of the system.
Exergy analysis is an important tool to identify key design aspects that may improve overall
conversion efficiency and maximize resource utilization. ORC research has shown that exergy analysis
can be used to provide guidelines in ORC design for a wide range of heat sources. In addition,
the calculation of exergoeconomic costs aims to set an economic value for materials and energy flows,
providing a reasonable base for the allocation of economic resources [29]. Kerme and Orfi [30] evaluated
the effect of the turbine inlet temperature on the exergy efficiency of an ORC driven by solar collectors.
As a result, they showed that an increase in turbine inlet temperature increases exergy efficiency and
reduces exergy destruction. The conservation of natural resources, the limited availability of spaces to
generate energy through some renewable sources, cost savings, policies, and the national regulatory
framework are some of the most important factors that encourage the research of a more efficient
energy generation process for internal combustion engines [31].
The main contribution of this paper is to present the comparative analysis results of some energetic
and exergetic performance indicators of a 2-MW natural gas engine integrated with waste heat recovery
systems based on SORC, RORC, and DORC configurations with different organic working fluids such
as toluene, cyclohexane, and acetone. The maximum net output power of the bottoming ORC cycle was
studied for differents engine load percentages, which implied studying the exhaust gas thermodynamic
properties and engine thermal performance in detail. Also, parametric studies are developed to identify
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the influence of evaporation pressure on exergy destruction for each component, and performance
indicator. These result help obtain the best ORC operational condition and configuration in terms
of rational use of energy and environment preservation by increasing the overall energy and exergy
efficiency of the Jenbacher JMS 612 GS-N. L natural gas engine of 2 MW with the bottoming ORC cycle.
2. Methodology
2.1. Description of the System
This section presents a general description of the 2-MW natural gas engine and each ORC
configuration and operation. In this study, a Jenbacher JMS 612 GS-N. L engine (Figure 1) is considered
to evaluate the ORC–WHR systems. The main design and operation engine parameters are summarized
in Table 1. Fuel composition and air–fuel mixture supply conditions for the studied plastic production
plant are presented in Table 2. The air–fuel mixture conditions are set to obtain an optimum flammable
gas–air mixture and an exhaust gas temperature of 420–460 ◦C after the turbocharger expander.
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Fig re 1. Je bac er J S-612 S- . at ral gas e gi e.
Table 1. Main design and operation parameters of Jenbacher JMS 612 GS-N. L engine.
Description alue Units
Cylinder capacity 74.852 L
Compression ratio 10.5 –
Number of cylinders (In V–60◦) 12 –
Stroke length 220 mm
Diameter in chamber 190 mm
Maximum torque 60.66 kN·m
Power at nominal speed 1820 kW
Nominal speed 1500 rpm
Ignition system Spark ignition –
Minimum load capacity 1000 kW
Maximum load capacity 1982 kW
λ at minimum load 1.79 –
λ at maximum load 1.97 –
Exhaust gases O2 concentration 9.45–10.52
%
volume
Exh ust gases CO concentration 588–731 mg/m3
Exh ust gases NOx concentration 461–468 mg/m3
Exhaust gases NO2 concentration 317–368 mg/m3
Exhaust gases NO concentration 65–95 mg/m3
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Table 2. Fuel composition and supply conditions for the Jenbacher JMS 2 GS-N. L engine.
Description Value Units
Methane (CH4) 97.97 %
Nitrogen (N2) 1.50 %
Ethane (C2H6) 0.25 %
Carbon dioxide (CO2) 0.16 %
Fuel–air mixture supply pressure 1.15–1.25 bar
Uncorrected volumetric ratio 110–140 L/s
2.2. Description of the SORC, RORC, and DORC
The studied ORC configurations are presented in Figure 2 and are based on the previous work
of Fontalvo et al. [28]. The SORC physical structure is shown in Figure 2a. SORC operation is as
follows: an air–fuel mixture (stream 1) is compressed to mixing conditions (stream 6) and supplied
to the combustion chamber. The exhaust gases at the manifold outlet (stream 9) are expanded at the
turbocharger expansion stage (stream 10) before they transfer heat to the thermal oil circuit at the shell
and tube heat exchanger (ITC 1), and they are finally sent to the atmosphere (stream 11). In the thermal
oil circuit, the oil that receives heat from the exhaust gasses (stream 1 AT) is used to preheat (zone 1),
evaporate (zone 2), and superheat (zone 3) the ORC working fluid in the evaporation unit (ITC 2)
before it is pumped (streams 3AT) and sent to the shell and tube heat exchanger (ITC 1). In the SORC,
the high-pressure organic working fluid (1 ORC) is expanded at the ORC turbine (T 1) to the SORC
lowest pressure (2 ORC) before it is cooled down and condensed (ITC 3). Then, the fluid is pumped to
the ORC highest pressure (4 ORC) and sent back to the preheating, evaporating, and superheating
zones to complete the cycle.
The ORC configuration with internal heat recovery (RORC) is shown in Figure 2b.
This configuration is based on the SORC presented above, but an internal recovery unit (RC) is
included in the ORC system to improve conversion efficiency by using the turbine outlet stream (2 ORC
stream) to preheat the fluid in the pump outlet stream (5 ORC) before it enters the preheating zone in
the evaporation heat exchanger (ITC 2).
The DORC configuration is shown in Figure 2c. This configuration uses two evaporating pressures
and requires two evaporation units (ITC 2, ITC 4), two pumps (B 2, B 3), two turbines (T 1, T 2), and one
condenser (ITC 3). In the DORC configuration, the thermal oil that leaves the pump (stream 3 AT) is
heated by the exhaust gases (stream 10) in the shell and tube heat exchanger (ITC 1) before it is sent
to the high-pressure evaporation unit (ITC 4) where the thermal oil (stream 1 AT) is used to preheat,
evaporate, and superheat the high-pressure ORC working fluid (stream 6 ORC). Then, the thermal oil
leaving the high-pressure evaporation unit (stream 1-2 AT) is used to preheat, evaporate, and superheat
the mid-pressure ORC fluid (stream 5” ORC) in the mid-pressure evaporation unit (ITC 2). In the ORC
system, the high-pressure working fluid (stream 6 ORC) enters the first turbine stage (T 2), where it
is expanded to the system middle pressure and mixed with the fluid (stream 2 ORC), leaving the
mid-pressure evaporation unit. The mixed fluid (stream 2” ORC) enters the second turbine stage
(T 1) where it is expanded to the system lowest pressure (stream 3 ORC) before it is cooled down and
condensed (ITC 3). Then, the fluid is pumped to the ORC middle pressure (5 ORC) before it is split
(streams 5’ ORC and 5” ORC). Stream 5’ is pumped to the system highest pressure and sent back to
the high evaporation unit, while stream 5” is sent to the mid-pressure evaporation unit to complete
the cycle. According to the literature, the DORC configuration increases the efficiency of the cycle by
decreasing the thermal load dissipated to the environment [32].
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Figure 2. Physical structure of the waste heat recovery (WHR) system, (a) Simple organic Rankine cycle
(SORC), (b) ORC with Recuperator (RORC), and (c) ORC with Double Pressure (DORC).
3. Thermodynamic Modeling
Energy and exergy analyses are conducted for the ORC–WHR configurations by applying the first
and second law of thermodynamics to each component in the configurations. In addition, a definition
of Fuel-Product is presented for each configuration component, as well as first and second law
performance metrics.
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3.1. Energy Analysis
Every single ORC–WHR system component is considered as a control volume. Mass and energy
balances are applied to each component according to Equations (1) and (2), respectively.∑ .
min −
∑ .







W = 0 (2)
where
.




W are the heat flow rate
output and power inputs, respectively. Steady-state operation is assumed for each ORC component.
3.2. Exergy Analysis
The specific exergy is calculated by neglecting the variation of kinetic and potential energy, and it
is calculated according to Equation (3):
ex = (h − h0) − T0(s − s0) (3)
where h0 and s0 are the reference state enthalpy and entropy, respectively, which are calculated at
the reference conditions of T0 = 298.15 K and P0 = 101.325 kPa. The chemical exergy of the exhaust









where Xi is the molar fraction and exchi is the exergy per mol unit for each gas.















ExD = 0 (5)
where
.
minexin is the fluid incoming exergy flow,
.
moutexout is the fluid outcoming exergy flow, and
.
ExD
is the exergy destruction.
Three performance metrics are used for the ORC–WHR systems: cycle thermal efficiency (ηI, c),





efficiency is calculated by means of Equation (6), while heat recovery efficiency is calculated using













ηI, overall = ηI, C·εhr (8)
Similarly, the absolute increase in thermal efficiency is calculated using Equation (9), which relates
the ORC net power output and fuel energy. This indicator determines the improvement in the ICE
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Due to the ORC power output, there is a lower brake-specific fuel consumption (BSFC), which is
calculated by Equation (10) [15]. The absolute decrease in specific fuel consumption is determined
by Equation (11), which represents the reduction in fuel consumption at any particular operating













The exergy efficiency based on the second law of thermodynamics (ηII,ORC). is calculated as









Exsupplied is the exergy supplied to the system and
.
Exproduced is the exergy recovered by the system.
Exergy efficiency can be expressed as a function of the destroyed exergy
.







Simulating each WHR–ORC configuration, the following assumptions were considered:
• Pressure drops in pipelines are neglected.
• Pressure drops in heat exchangers are calculated as a function of the equipment geometry and the
hydraulic flow characteristics.
• All the WHR–ORC components of the cycle are thermally insulated.
• The thermal oil circuit absorbs temperature variations in exhaust gases to obtain steady-state
operation in each ORC configuration.
A simulation program with the energy and exergy analyses was written in MATLAB R2018b® [35],
and the thermodynamic properties were calculated by using REFPROP 9.0® [36]. The detailed equations
of energy balances applied to each configuration are shown in Appendix A, Table A1.
A specific engine operating condition is selected (see Table 3) to make it possible to compare
each of the simulation results for each configuration. Values in Table 3 are also selected because it
represents the system operation in off-grid mode. The engine performance indicators for the selected
base conditions are shown in Table 4, which are expected to be evaluated with each configuration.
The design parameters considered for the WHR–ORC simulations are shown in Table 5. In addition,
the input–output structure for the components of the proposed WHR–ORC systems is shown as in
Table 6, as the exergy losses must be differentiated from the exergy destroyed in each configuration [37].
Table 3. Parameters considered for internal combustion engines (ICE) simulation.
Parameter Value Units




Gas pressure 1163.6 mbar
Throttle valve 80.0 %
Turbo bypass valve 9.1 %
Gas temperature 389 ◦C
Engine coolant temperature 63.9 ◦C
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Table 4. Performance indicators for ICE.
Performance Indicators Value Units
Mechanical engine power 1758.77 kW
Effective engine efficiency 38.59 %
Heat recovery efficiency 40.78 %
Heat removed from exhaust gases 514.85 kW
Specific engine fuel consumption 177.65 g/kWh
Table 5. Parameters considered for proposed configurations (S = SORC, R = RORC, and DP = DORC).
Configuration Parameter Value Units Reference
S/R/DP Isentropic efficiency turbines 80 % [38]
S/R/DP Isentropic efficiency pumps 75 % [38]
S/R/DP Cooling water temperature (T1A) 50 ◦C
S/R/DP Pinch Point condenser (ITC3) 15 ◦C
S/R Pressure Ratio B1 2.5
DP Pressure Ratio B1 11.09
S/R/DP Pinch Point evaporators (ITC2) (ITC4) 35 ◦C
R Recovery Effectiveness (RC) 85 % [38]
DP Pressure Ratio B2 20
DP Pressure Ratio B3 9
S/R Pressure Ratio B2 30
Table 6. Fuel-Product definition for each configuration.
Component
Different Configurations of Waste Heat Recovery Systems Using ORC
SORC RORC DORC
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The SORC simulation model is validated by conducting a comparative analysis using previously
reported results from Vaja and Gambarotta [9] and Tian et al. [25]. The main parameters considered in
both references are shown in Table 7. Two working fluids are considered: R-11 and R-134a, and ORC
thermal efficiencies are determined as a function of the turbine inlet pressure.
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Table 7. Data used from the system for model validation.
Cycle ηP ηT Tsource (◦C) F (kg/s) Tsource (◦C) Pinch Point (◦C) Pvap (MPa)
SORC 0.8 0.7 250 2.737 35 30 0.8–5.5
RORC 0.95 0.89 165 84.36 15 10 0.31
The validation results in Figure 3 evidence that the SORC model is accurate enough when it is
compared to previous results from references [9] and [25]. When results are compared to Vaja and
Gambarotta [9], the error is below 3% for R-11, below 6% for R-134a when the turbine inlet pressure is
up to 1 MPa, and less than 3% when the turbine inlet pressure is above 2 MPa for R-134a. The pressure
range in this study is set as 2.5–3 MPa; therefore, it can be observed that the relative error in Figure 3 is
below 1% compared to that of Huan Tian et al. [25], which guarantees the accuracy of the results.
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Figure 3. Thermal efficiency of the ORC as a function of the turbine inlet pressure for (a) R-11, (b) R-134a.
For RORC model validation, the results of this system for a geothermal application were taken
from Emam et al. [39] and Zare et al. [27]. The parameters considered for both investigations are
shown in Table 7. The following considerations were assumed to perform the comparative analysis of
the RORC:
• The processes and subsystems are assumed to be in steady state.
• All devices were considered in adiabatic conditions.
• Pressure drops in ORC devices and pipelines are neglected.
• The reference temperature for exergy calculations is 288 K.
Validation results for RORC are shown as i . A g od agreement can b se n b tween
this study and the previously published ORC performances from Ema et al. [39] and are et al. [27].
For isobutane, error ranges between 0.62–0.73% for thermal efficiency. On the other hand, exergy
efficiency relative error is between 0.18–0.35%.
Table 8. Validation of the proposed model for RORC.
Parameters Valencia et al. Emam et al. [39] Zare et al. [27]
T1 AT (◦C) 165 165 165.
m1 AT (kg/s) 84.36 84.36 82.1.
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4. Results and Discussions
From the simulation results obtained, it is possible to determine and calculate the stream and
fluid properties for the proposed SORC, RORC, and DORC configurations. Detailed simulation results
are shown in Appendix B, Table A2 for the case of SORC. A summary of the main results obtained for
the engine WHR system is shown in Table 9.
Table 9. Parameters of an integrated recovery system with engine and ORC. BSFC: brake-specific
fuel consumption.
Parameters SORC RORC DORC Units
Thermal efficiency engine–ORC 40.45 41.25 40.72 %
Increased thermal efficiency 1.86 2.66 2.13 %
Thermal efficiency ORC 16.40 23.51 18.74 %
Global energy conversion efficiency 6.68 9.59 7.66 %
Global exergetic efficiency 34.5 49.47 39.43 %
BSFC engine–ORC 169.5 166.21 168.42 g/kWh
Results from the exergy analysis are presented in Table 10. Results in this table are calculated
through the input–output definition in every component of the SORC configuration. The exergy
destruction fraction in each component of the cycle is calculated from the results of the input–output
definition and the exergy destruction percentages are presented in Figure 4a.
Table 10. Exergy analysis results for each component of the heat recovery system with SORC.
Component Input (kW) Product (kW)
.
ExD (kW) Lost (kW)
ITC1 541.202051 202.794262 41.9535673 296.454222
B1 0.37472727 0.05848531 0.31624196 –
ITC2 202.852748 166.340104 36.5126437 –
T1 99.4808146 85.5899807 13.8908338 –
ITC3 – – 36.0581887 66.5877282
B2 0.75619324 0.58683347 0.16935977 –
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It is observed that the shell and tube heat exchanger (ITC 1) has the highest exergy destruction by
achieving 32.5% of the cycle’s exergy estruction, followed by the evaporation unit (ITC 2) with 28.3%,
and the condenser (ITC 3) with 27.9%. On the other hand, pumps show the lowest exergy destruction
contribution. Due to op rational restrictions on the turbine inlet organic fluid emperature, it is not
possible to reduce the evaporation unit minimum temperature to obtain less generation of entropy
and less exergy destruction in this equipment. Nevertheless, these temperature differences in heat
exchangers can be optimized for better performance.
The use of isentropic or dry fluids in the RORC configuration allows obtaining superheated
and relatively high-temperature conditions at the turbine outlet (2 ORC stream) [40]. This is the
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case of organic fluid toluene in RORC, as shown in Appendix B, Table A3. Therefore, the recovery
heat exchanger (RC) uses this energy at the turbine outlet to preheat the stream leaving the pump
(6 ORC stream) [41]. This preheating strategy [42] increases the thermal efficiency by 2.6%, while in
SORC, the increase is 1.8%. Thus, the whole engine–WHR–RORC configuration shows a specific fuel
consumption of 166.21 g/kWh, which is 2% less than the engine–WHR–SORC specific fuel consumption
as shown in Table 10 by using the same fluid and operation conditions.
It can be seen that the ORC performance increases when the recovery heat exchanger (RC) is
included, as it increases the turbine power output for the same heat input from the exhaust gases.
The efficiency improvement is strongly related to fluid properties, especially to specific heat [43].
The results confirm that the recovery system does not affect the turbine power output or pump
power consumption, but it modifies heat transfer in both the evaporation unit and the condenser [44],
which have the highest exergy destruction, as shown in Table 11.
Table 11. Exergy analysis results for each component of the heat recovery system with RORC.
RC: internal recovery unit.
Component Input (kW) Product (kW)
.
ExD (kW) Lost (kW)
ITC1 541.202051 237.549898 7.197931 296.454222
B1 0.36222219 0.09598314 0.26623905 –
ITC2 237.645881 203.818309 33.827572 –
T1 139.797975 122.396844 17.40113113 –
ITC3 – – 15.3197 71.5691491
B2 0.94533621 0.7336153 0.21172091 –
RC 86.4902041 64.620999 21.8692051 –
The exergy destruction contribution in each cycle component is presented in Figure 4b. From this
figure, it can be seen that the exergy destruction is 33.82 kW (35.2%) in the evaporator, followed by the
recuperator with 21.86 kW (22.8%). Also, it can be seen that pump contribution to exergy destruction
is only 0.5%.
For the DORC configuration, there are two different evaporating pressures; however, the 2
ORC, 2’ ORC, and 2” ORC streams are mixed at the same pressure, and then enter the turbine (T1).
In addition, at the low-pressure pump outlet (B2), the states 5 ORC, 5’ ORC, and 5” ORC have similar
thermodynamic properties with different mass flow rates, as shown in Appendix B, in Table A4.
Table 9 presents the performance metrics of engine–WHR–DORC. It can be observed that this
configuration only achieves an overall energy conversion efficiency of 6.68% and an overall exergy
efficiency of 34.37% at the test conditions. According to Guzovi [45], these results are strongly related
to the selected pressure ratio values, and this configuration presents better exergy efficiency and
generates more power output than the SORC and the RORC configurations. In this configuration,
the high-pressure evaporator (ITC 4) along with the shell and tube heat exchanger (ITC1) show the
highest exergy destruction, as shown in Table 12, which can be explained by the temperature differences
between the thermal oil and the organic fluid.
Table 12. Exergy analysis results for each component of the heat recovery system with DORC.
Component Input (kW) Product (kW)
.
ExD (kW) Lost (kW)
ITC1 541.20 203.57 31.15 296.45
B1 1.66 0.26 1.40 –
ITC2 113.18 101.93 11.26 –
T1 95.39 79.75 15.63 –
ITC3 – – 31.01 6.00
B2 0.63 0.49 0.14 –
T2 10.27 8.77 1.49 –
B3 2.09 1.63 0.47 –
ITC4 90.64 52.66 37.99 –
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The component exergy destruction contribution to the WHR–DORC system is shown in Figure 4c.
From this figure, the evaporators and condensers’ contribution is 86.4% of the total exergy destruction.
As the organic fluid is evaporated in the heat exchangers, a closer match can be maintained between
the thermal oil cooling temperature profile and the ORC working fluid temperature profile, which
reduces exergy losses.
4.1. Sensitivity Analysis
4.1.1. Effect of Evaporation Pressure
Considering the relevance of the evaporation pressure on the operation of these systems,
a comparative analysis of the net power, an absolute increase of thermal efficiency, and absolute
decrease of the specific fuel consumption is presented in Figure 5 for each engine–WHR–ORC
configuration. For the DORC, high evaporation pressure is reached by changing the pressure ratio at
the B3 pump, while the pressure ratio at the B2 pump is kept fixed at three for toluene, 10 for acetone,
and 1.5 for cyclohexane.
Energies 2019, 11, x FOR PEER REVIEW    13  of  22 
 




Considering  the  relevance  of  the  evaporation pressure  on  the  operation  of  these  systems,  a 
comparative  nalysis  of  the  net  power,  an  absolute  increase  of  thermal  efficiency,  and  absolute 
decrease  of  the  specific  fuel  consumption  is  presented  in  Figure  5  for  each  engine–WHR–ORC 
configuration. F r the DORC, high evaporation pressure is reached by changing the pressure ratio at 
the B3 pump, while  the pressure  ratio  at  the B2 pump  is  kept  fixed  at  three  for  toluene,  10  for 
acetone, and 1.5 for cyclohexane. 
It  is  observed  that  the  net  power  output  is  strongly  related  to  the  evaporation  pressure, 
achieving the most profitable results for the toluene–RORC at an evaporation pressure of 3.4 MPa: 
146.25 kW of net power, which is up to 31.9% more power than the toluene–SORC net  ower at the 





Net  power,  (b)  Absolute  increase  in  thermal  efficiency,  (c)  Absolute  decrease  in  specific  fuel 
consumption,  (d) Global  energy  conversion efficiency,  (e) ORC  thermal  efficiency,  and  (f) Global 
exergetic efficiency. 
When comparing the absolute increase in thermal efficiency for the three ORC configurations,   
Figure 5b  shows  that  the  evaporating pressure  increases  thermal  efficiency up  to  an upper  limit 
[46,47]. For  toluene at 3.4 MPa,  the SORC  increases  engine  efficiency by 2.44%, while  the RORC 
increases  it  by  3.22%. Working  fluids  such  as  acetone  and  cyclohexane  in  the  SORC  achieve  an 
absolute thermal efficiency increase of 2.15% and 2.09%, respectively. Therefore, toluene stands out 
as the working fluid that presents the best results performance. Furthermore, as the main objective 
Figure 5. Performance of SORC, RO C, and DORC configurations with differ t i fl ids, (a) Net
power, (b) Absolute increase in thermal efficiency, (c) Absolute decrease in specific fuel consumption,
(d) Global energy conversion efficiency, (e) ORC thermal efficiency, and (f) Global exergetic efficiency.
It is observed that the net power output is strongly related to the evaporation pressure, achieving
the most profitable results for the toluene–RORC at an evaporation pressure of 3.4 MPa: 146.25 kW of
net power, which is up to 31.9% more power than the toluene–SORC net power at the same evaporation
pressure. It is not possible to achieve the same evaporating pressure in the DORC by changing the
B3 pump pressure ratio, because the fluid temperature would be so high that the heat transfer in the
evaporation unit wi l be revers d.
When comparing the absolute increase in thermal efficiency for the three ORC configurations,
Figure 5b shows that the evaporating pressure increases thermal efficiency up to an upper limit [46,47].
For toluene at 3.4 MPa, the SORC increases engine efficiency by 2.44%, while the RORC increases it
by 3.22%. Working fluids such as acetone and cyclohexane in the SORC achieve an absolute thermal
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efficiency increase of 2.15% and 2.09%, respectively. Therefore, toluene stands out as the working
fluid that presents the best results performance. Furthermore, as the main objective of this research
is to increase the overall conversion efficiency by generating additional power, a RORC is the best
option, regardless of the working fluid. This is supported by Figure 5, where the highest specific fuel
consumption reduction is 5.92% for the toluene–SORC combination and 7.67% for the toluene–RORC
combination, while the lowest specific fuel consumption reduction is achieved by the acetone–SORC
cycle, which is 0.78% at 0.2 MPa. However, it is important to mention that as the heat in the evaporator
increases, the size of the evaporation unit in the RORC will increase the purchase equipment cost and
reduce the revenue of the system.
By evaluating the overall energy conversion efficiency, as shown in Figure 5d, the toluene–SORC
and the cyclohexane–SORC combinations achieve 8.78% and 7.54%, respectively, with 3.4 MPa. For the
RORC configuration, acetone achieved the lowest efficiency (4.91%), which confirms that toluene is the
potential fluid to be used in SORC and RORC.
The results also show that the toluene–RORC combination increases thermal efficiency from
21.53% to 28.41%, and increases global exergy efficiency from 45.29% to 59.76%, which confirms that
toluene stands out among the studied fluids, at relatively low pressures.
The maximum net power output in the toluene–SORC combination represents 8.31% of the
stationary motor-generating capacity at nominal speed. In addition, it is observed that toluene–SORC
working at evaporation pressures between 2–3 MPa increases the net power output by 5.49% and up
to 109.3 kW. The absolute increase in thermal efficiency goes up to 5.26%. Finally, the specific fuel
consumption reduction increases by 5.21%. On the other hand, the increases for these variables in the
RORC are 3.76%, 3.75%, and 3.47%, which allows us to conclude that toluene–SORC is the combination
that stands out when considering this variable.
4.1.2. Analysis of the Influence of Evaporation Pressure on the Destruction of Exergy Configurations
To perform a comparative analysis of the exergetic performance for each ORC configuration,
the fractions of exergy destruction in each component of the cycle were calculated with the three
proposed working fluids. The exergy destruction fractions for each ORC configuration are shown in
Figure 6, at different evaporating pressures for acetone, cyclohexane, and toluene.
The results demonstrate that the exergy fractions for the DORC cycle are higher than those for the
SORC cycle, while the RORC cycle has the lowest values of total exergy loss.
After the evaluation of the average decrease in the percentage points of the three configurations
studied to the engine operating condition, it was demonstrated that the DORC cycle working with
toluene presents an average of 74.02% total exergy destruction, which is more significant than the
exergy destruction in the RORC configuration. These results are due to the DORC configurations
leading to higher exergy destruction by having more components. However, in an operational range of
evaporating pressure, the dual ORC exceeds the destroyed exergy of the SORC by 9%. Consequently,
the evaporating pressure must be determined for each specific case to achieve the highest turbine
output power, and thus the greater exergetic efficiency of the system.
The DORC configuration presents the highest values of exergy destruction fractions operating
with acetone within the temperature range of the source studied, while the SORC configuration presents
the lowest values of the exergy destruction fraction. As a result, the SORC configuration delivers
more power with the least heat rejection in the condenser; additionally, for the same power delivered,
this configuration requires less heat from the heat source. The results also show that the evaporating
pressure in the different ORC configurations has a significant effect on the total dimensionless exergy
losses, with a minimum value that is within the studied range.
The maximum values of exergy losses occurred in the condenser for every configuration, with a
maximum value of 88.26% for the SORC at 0.803 MPa. As a result, the exergy destruction fractions in
the condenser is inversely proportional to the evaporating pressure as it approaches 2 MPa. Due to
the significant increase in exergy losses, the recuperator acquires importance in the evaporator and
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turbine cycle in the RORC, while in the dual cycle, the low evaporator provides exergy destruction as
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4.1.3. Analysis of the Influence of Engine Load on Energy Performance
This section analyzes the effect of engine load on the performance of the heat recovery system.
The results presented above were obtained based on the typical operating condition of a natural gas
engine. The engine power control system adjusts internal engine variables such as mixture pressure,
temperature, and mixture recirculation percentage to provide hig efficiency in operations with partial
engine loads. The global energy indicators were selected as s u y variables, nd the results of he three
configurations under study for an evaporati g pressure of 675.8 kPa wor ing with toluene are shown
as in Figure 7. For safety reasons, all the possible operating points of the proposed configurations at
different engine loads guarantee that toluene vaporizes completely at the evaporator outlet in order to
prevent corrosion of the liquid in the expander. Moreover, the engine exhaust gas temperature at the
evaporator outlet (stream 11) must be higher than the acid spray temperature (200 ◦C) to prevent the
acid corrosion of the exhaust.
The thermal efficiency presents a directly proportional relationship with respect to the engine
load increases, whil the overall energy conversion efficiency presents n inversely prop rtional
relationship. The maximum net output power obtained for configurations at engine load percentages
is SORC (89.4 kW—97.9%), RORC (124.5 kW—97.9%), and DORC (86.29 kW—91.81%). However, in an
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engine operating interval, the thermal efficiency increase as the RORC configuration increases first and
then decreases, presenting a maximum performance with 82.68% engine load.
These results are due to the engine load being directly related to the flow in the exhaust gases
and the energy loss in the recuperator since the evaporation pressure and the temperatures of the
thermal coupling oil have been restricted. As the operating load increases, there is an increase in
the evaporation temperature of the organic fluid. Therefore, the power increases, which is the main
factor that affects the thermal and exergetic efficiency. However, the isentropic efficiency of the turbine
decreases slightly as a consequence of the increase in the temperature of the thermal oil, causing a
decrease in the indicators at high engine loads. The direct relation between the net power and the
engine load is also due to the increase of the thermal oil inlet temperature to the evaporator, which leads
to an increase in the mass flow of toluene, and the enthalpy difference between the pump and the
turbine; however, this causes a stronger effect in the turbine.
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5. Conclusions
This study performed an energy and exergey analysis of three ORC systems for WHR from the
exhaust gases of a 2-MW Jenbacher JMS 612 GS-N. L natural gas as a stationary engine at a plastic
industry located at Barranquilla, Colombia. In particular, a validated thermodynamic model was
employed to determine the net power output, fuel consumption, and thermal and exergy efficiency
of the proposed engine–WHR–configurations based on the mean variables of the system. The study
involved the calculation of energy and exergy performance metrics for the proposed systems to
determine the improvement of the stationary engine overall energy conversion.
To improve the system performance, the irreversibilities and exergy destruction of the components
must be reduced. The exergy destruction of all the elements in the proposed configurations is lower
than the ther al oil pump (B1). These values suggest that reducing the heat transfer area in the
evaporator, recuperator, and condenser may provide a favorable solution, especially in the DORC
configuration. However, it is important to point out that these plate heat exchangers are manufactured
from specialized materials, which contributes to the total purchase equipment cost. Also, the operation
of these components has a significant effect on the total exergy destruction and thermal efficiency as a
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result of the pinch point temperature. Therefore, increasing the heat exchangers area increases the cost
of generating electricity.
The thermal oil pump is the component with the lowest efficiency: SORC (16%), RORC (26%),
and DORC (17%). However, among the heat exchange equipment, the shell and tube heat exchanger
(ITC1) has the lowest exergy efficiency: SORC (37%), RORC (44%), and DORC (38%), because the
organic fluid cannot reach the engine exhaust gas temperature levels, as heat transfer irreversibilities
will increase and due to thermal stability conditions. Hence, these alternatives present better results
for medium and low-temperature exhaust gases. Heat exchanger ITC1 has the highest contribution
to exergy destruction for SORC and DORC, while the evaporation unit (ITC2) shows the highest
contribution for RORC. Therefore, special effort should be focused to reduce the exergy destruction
in these components. Based on commercial information about the geometric characteristics of plate
heat exchangers and shell and tube heat exchangers, optimal sizes of these components should be
determined to reduce cost and increase performance.
The highest specific fuel consumption reduction was 5.92% for the toluene–SORC combination,
and 7.67% for the toluene–RORC combination. Also, the thermal efficiency (28.41%) and global
exergy efficiency (59.76%) confirm that toluene–RORC assembly is the best alternative for this natural
gas engine.
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Abbreviations
The following abbreviations are used in this manuscript:
BSFC Brake-specific fuel consumption
DORC Double pressure organic Rankine cycle
GHG Greenhouse gases
GWP Global warming potential
ICE Internal combustion engine
ORC Organic Rankine cycle
RORC Recuperator organic Rankine cycle
SORC Simple organic Rankine Cycle
WHR Waste heat recovery
Nomenclature
Cp Specific heat at constant pressure (J/kg K)
E Energy (J)
ex Specific exergy (kJ/kg)
h Specific enthalpy (kJ/kg)
LHV Heating power (kJ/kg)
m Mass (kg)
.
m Mass flow rate (kg/s)
Q Heat (J)
R Universal gas constant (atm L/mol K).





Xi Molar gas fraction
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Greek Letters
ηI, c Thermal efficiency of the cycle
ηI, overall Overall energy conversion efficiency
ηII,ORC Exergetic efficiency









The energy balance applied to each component of the proposed configurations is presented in Table A1.
Table A1. Energy balances for the components of each configuration.
Component
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Appendix B
The properties of the main currents of the heat recovery system proposed with SORC are presented in
Table A2.
Table A2. Properties considered for SORC configuration.
Stream Flow (kg/s) P (kPa) T (◦C) Enthalpy (kJ/kg) Entropy(S-S0) (kJ/kg K) Exergy (kW)
10 2.77 102.30 435.07 −1960.35 0.90 541.20
11 2.77 101.30 270.00 −2143.67 0.59 296.45
1 AT 1.64 101.43 307.84 461.66 0.94 208.75
1 ATg 1.64 91.42 246.29 324.52 0.73 106.76
1 ATf 1.64 81.01 178.30 183.24 0.47 29.12
2 AT 1.64 68.15 142.65 113.96 0.31 5.90
3 AT 1.64 170.38 142.77 114.19 0.31 5.96
1 ORC 0.72 675.85 272.84 633.29 1.80 169.27
2 ORC 0.72 22.53 202.37 513.72 1.87 69.79
2 gORC 0.72 22.53 65.00 301.64 1.34 31.18
3 ORC 0.72 22.53 65.00 −87.53 0.19 2.35
4 ORC 0.72 675.85 65.31 −86.47 0.19 2.93
4 fORC 0.72 675.85 194.20 181.72 0.86 50.17
4 gORC 0.72 675.85 194.20 477.95 1.50 124.68
1 A 13.32 101.30 50.00 209.42 0.27 35.20
1 gA 13.32 101.30 55.00 230.33 0.33 54.44
2 A 13.32 101.30 57.72 241.72 0.37 66.59
The properties of the main currents of the heat recovery system proposed with RORC are presented in
Table A3.
Table A3. Properties considered for RORC configuration.
Stream Flow (kg/s) P (kPa) T (◦C) Enthalpy (kJ/kg) Entropy(S-S0) (kJ/kg K) Exergy (kW)
10 2.77 102.30 435.07 −1960.35 0.90 541.20
11 2.77 101.30 270.00 −2143.67 0.59 296.45
1 AT 1.51 101.43 374.47 618.96 1.25 263.92
1 ATg 1.51 92.78 379.55 631.30 1.27 273.93
1 ATf 1.51 83.89 294.56 431.40 0.98 126.19
2 AT 1.51 68.15 209.28 246.22 0.65 26.27
3 AT 1.51 170.38 209.40 246.46 0.65 26.37
1 ORC 0.89 675.85 339.47 775.16 2.05 272.11
2 ORC 0.89 22.53 268.70 638.39 2.11 132.31
3 ORC 0.89 22.53 102.23 352.50 1.49 45.82
3 gORC 0.89 22.53 65.00 301.64 1.34 38.98
4 ORC 0.89 22.53 65.00 −87.53 0.19 2.93
5 ORC 0.89 675.85 65.31 −86.47 0.19 3.67
6 ORC 0.89 675.85 194.20 199.42 0.90 68.29
6 fORC 0.89 675.85 194.20 181.72 0.86 62.72
6 gORC 0.89 675.85 194.20 477.95 1.50 155.86
1 A 16.65 101.30 50.00 209.42 0.27 44.00
1 gA 16.65 101.30 55.00 230.33 0.33 68.06
2 A 16.65 101.30 55.65 233.06 0.34 71.57
The properties of the main currents of the heat recovery system proposed with DORC are presented in
Table A4.
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Table A4. Properties considered for DORC configuration.
Stream Flow (kg/s) T (◦C) P (kPa) Enthalpy (kJ/kg) Entropy (S-S0) (kJ/kg K) Exergy (kW)
10 2.77 435.07 102.30 −1960.35 0.90 541.20
11 2.77 270.00 101.30 −2143.67 0.59 296.45
1 AT 1.62 316.58 686.83 481.81 0.99 215.40
1 ATg 1.62 296.48 676.43 435.75 0.92 178.88
1 ATf 1.62 245.76 666.37 323.37 0.74 99.29
1-2 AT 1.62 171.41 656.79 169.58 0.44 20.13
1-2 ATg 1.62 228.96 647.85 287.41 0.68 77.18
1-2 Atf 1.62 183.04 638.85 192.71 0.49 29.19
2 AT 1.62 150.98 630.14 129.89 0.35 7.53
3 AT 1.62 151.51 755.78 130.91 0.35 7.80
1A 8.40 50.00 101.30 209.42 0.27 27.60
1g A 8.40 55.00 101.30 230.33 0.33 42.69
2A 8.40 55.00 101.30 234.54 0.34 46.10
1 ORC 0.45 281.58 1351.69 635.64 1.75 159.64
2 ORC 0.62 136.41 450.56 53.17 0.57 13.75
2’ ORC 0.45 252.65 450.56 597.65 1.77 132.33
2” ORC 1.08 173.03 450.56 368.93 1.28 139.83
3 ORC 1.08 65.00 22.53 298.79 1.34 46.85
3g ORC 1.08 65.00 22.53 301.64 1.34 47.17
4 ORC 1.08 65.00 22.53 −87.53 0.19 3.55
5 ORC 1.08 65.21 450.56 −86.84 0.19 4.13
5’ ORC 0.45 65.21 450.56 −86.84 0.19 2.40
5” ORC 0.62 65.21 450.56 −86.84 0.19 1.74
5f ORC 0.62 173.04 450.56 132.93 0.76 24.32
5g ORC 0.62 173.04 450.56 447.79 1.46 70.24
6 ORC 0.45 65.64 1351.69 −85.38 0.20 3.10
6f ORC 0.45 235.75 1351.69 283.87 1.07 68.73
6g ORC 0.45 235.75 1351.69 535.81 1.56 132.70
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